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Abstract. On October 9, 1993, observations were made from the National Center for 
Atmospheric Research Electra aircraft during a flight from Maui, Hawaii, toward a low- 
pressure system NW of the island, a flight of 7 hours in total. The leading edge (wall) of 
a bright airglow layer was observed 900 km NW of Maui at 0815 UT, which was 
traveling at 75 rn s '• toward the SE, reaching Haleakala, Maui, about 3.25 hours later [see 
Swenson and Espy, 1995]. An intriguing feature associated with the event was the large 
increase in the mesospheric Na column density at the wall (~180%). The enhancement 
was distributed over a broad region of altitude and was accompanied by significant 
perturbations in the Meinel (OH) and Na D line airglow emission intensities, as well as 
the temperature. This paper describes an investigation of the combined measurements 
from the aircraft and at Haleakala, including an analysis of the event using a gravity wave 
dynamic model. The modeled atmospheric variations associated with the leading edge of 
the "wall" wave are then applied to models of the neutral and ionic chemistry of sodium 
in order to establish whether the enhancement was caused by the release of atomic Na 
from a local reservoir species, as opposed to redistribution by horizontal convection. 
The most likely explanation for the Na release was the neutralization of Na + ions in a 
sporadic E layer that was first transported ownward by a large amplitude (=10%) 
atmospheric gravity wave and then vertically mixed as the wave pushed the atmosphere 
into a super adiabatic state with associated convective instabilities and overturning. 
1. Introduction 
Interest in the layer of atomic Na in the upper meso- 
sphere has grown because of its extensive use as a tracer of 
atmospheric dynamics and temperature, when the layer is 
observed by a narrowband Na lidar [e.g., Billset al., 1991]. 
The major source of the metal is meteoric ablation, and it 
exists globally as a layer of neutral metal atoms because the 
atmosphere at about 90 km altitude is chemically reducing 
[Plane, 1991]. Below this altitude, Na is oxidized by a 
sequence of reactions involving 03, H20, and CO2 to form 
NaHCO3, and higher up photo-ionization and charge 
transfer lead to the production of Na +. At about 90 km, 
however, the formation of NaHCO3 is largely prevented by 
the relatively high concentrations of atomic O and H, and 
the rate of charge transfer reactions is limited by the low 
concentrations of the major E region ions such as NO + and 
O2 +. Most of the current knowledge about these chemical 
processes has come from laboratory studies during the past 
15 years, which have been reviewed by Plane and Helmer 
[1994], A detailed discussion of the chemistry is contained 
in an accompanying paper [Plane et al., this issue], which 
also demonstrates that the time-averaged characteristics of 
the layer can now be modeled quite satisfactorily at a range 
of latitudes and seasons. 
Recently, because of the substantial interest in using 
the layer as a dynamical tracer, attention has also focused 
on the effects of short-term perturbations to the layer. For 
example, Hickey and Plane [1995] have examined the 
effects of gravity waves on the Na layer by using a detailed 
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and Espy [1995], referred to hereafter as SE95. The wave 
event was well characterized over several hours using both 
airborne and ground-based lidars and optical instruments. 
The present paper describes an analysis of this data set 
through the complete characterization of the wave and its 
associated atmospheric variability. This in turn provides 
the opportunity oexamine the response ofthe Na layer to a 
sudden, large-scale perturbation. 
The ANLC/ALOHA campaign used airglow, lidar, and 
radar remote sensing methods to study the mesosphere with 
a number of objectives including tropospheric onvection 
sources of atmospheric gravity waves (AGWs). The 
mission on October 9, 1993, was a flight toward a low- 
pressure disturbance in the Pacific, a potential source of 
AGWs. At about 0815 UT, a very bright transition in OH 
airglow (a change of 60-85% ) was observed -900 km NW 
en route to the low-pressure system located -2000 km NW 
of Maui (Figure 1). It was noted at this same boundary 
(which was the outbound leg of the flight) that the Na 
column density in the 80-110 km altitude region increased 
by 180% and remained at elevated levels through the rest of 
the flight. The leading edge of the wall had an observed 
phase velocity (Co) of 75 m s -I toward the SW and passed 
Haleakala at 1130 UT (SE95). However, as the wave 
neared Maui, the very substantial release of Na ceased, and 
a normal dynamic response to the Na distribution was noted 
as the wave passed Haleakala. By a normal response, we 
mean those Na density changes due to redistribution by the 
wave perturbation only, exclusive of chemical changes. 
It is very unusual to be able to track and study a single 
atmospheric gravity wave (AGW) for such an extended 
period of time, although this has been accomplished byall- 
sky imagers from the ground [e.g., see Taylor and 
Hapgood, 1988; Swenson and Mende, 1994]. In the present 
case, however, we were able to study the wave at two 
locations separated by approximately 900 km, between 
which the wave traveled in slightly over 3 hours. A 
modeling study was therefore performed to simulate the 
atmospheric responses associated with the wave. Pertur- 
bations to the temperature profile at Haleakala, recorded by 
the Na density/temperature lidar during the transition of the 
wave, were first analyzed using a dynamical treatment 
described by Swenson and Gardner [this issue]. The 
derived amplitude of the wave at Haleakala was then 
extrapolated to the aircraft, 3.25 hours earlier and 900 km 
to the NW. The observed perturbations to the airglow 
intensities and associated temperatures at both locations 
were then compared with model predictions. Finally, the 
effects on the chemistry of sodium, caused by wave- 
induced changes to the temperature and the concentrations 
of minor atmospheric species, were examined. This was 
done in order to investigate whether the substantial increase 
in the atomic Na density across the wave boundary, which 
was traveling to the SE at 75 m s -1, originated from (1) a 
chemical release of Na from the chemical reservoirs of Na 
[see Plane, 1991] or (2) whether it was a redistribution by 
horizontal convection of mesospheric Na. Case 2 would be 
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Plate 1. A contour plot of time versus altitude for the 
aircraft Na measurements for the (a) outbound portion and 
(b) return flight as mapped in Figtire 1. 
consistent if the wind were directed the SE at 75 m s -• over 
the altitude range of the observed Na increase extending 
from 900 km NW of Maui to Haleakala. It will be shown 
in the analysis of the observations that case 2 is ruled out as 
a likely cause and that the Na release appears to be a wave- 
induced type of sporadic layer. 
2. Observations 
2.1. NCAR Aircraft 
The observations of the increases in Na density and OH 
intensity across the wall event were reported by SE95. 
These data are revisited here in much more detail. The time 
histories of the column density, centroid height, and root- 
mean-square (rms) width of the atomic Na layer are shown 
in Figure 2. In Figure 2a, we note the significant increase 
in Na which, by 0845, increased by 180% compared to 
prewall values. Note that the wall was considered by SE95 
to be overhead the aircraft at about 815 UT. Once the 
increase in Na column density had occurred, it continued to 
be enhanced for the remaining 900 km of the flight. During 
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this period, the aircraft flew toward the weather system (5700 •) exposures with a duration of 120 s, corresponding 
until 1000 UT, when it turned around to retrace the out- to a noise equivalent of-2%. 
bound flight path until the lidar was deactivated at 1230 
UT, as Maui was approached. Figure 2b shows that the 
centroid height of the layer exhibited a rather complex 
behavior, oscillating between 90.5 and 92 km, whereas the 
width of the layer gradually increased from 2.7 km before 
the wall to 4.3 km at the end of the flight (Figure 2c). 
Plate 1 is a contour plot showing the time history of the 
atomic Na density as a function of altitude: the outbound 
and inbound segments of the flight are in Plates 1 a and lb, 
respectively. These show that most of the increase in the 
Na density was between 88 and 96 km but that the enhance- 
ment occurred sporadically, first at 95-96 km and subse- 
quently between 89 and 92 km, giving rise to the oscilla- 
tion in the centroid height illustrated in Figure 2b. The 
widening of the layer, particularly on the bottom side, is 
also very clearly shown in Plate la. In order to emphasize 
the changes in the Na layer across the wall the mean layers 
before and after the wall (0700-0800 UT and 0820-0950 
UT, respectively) are plotted in Figure 3a. The difference 
between these layers is then shown in Figure 3b, which 
describes a bimodal distribution in the Na enhancement 
with peaks at 89 and 95 km. 
Another key measurement made from the aircraft was 
the Na airglow intensity at 5890-96 •. This is important 
because the Na airglow is proportional to the Na and O3 
densities, and since [Na] was measured, insight can be 
gained into changes in [03]. Na airglow images were taken 
at 0740 and 0900 UT, and the measured brightness change 
(across the wall) was an increase of 50%. These measure- 
ments were made with on-line (5890-96 •) and background 
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Figure 1. A map showing the "storm flight" path of the 
NCAR Electra from onboard GPS data on October 9, 1993, 
between 0630 and 1320 UT. The turnaround time (or 
beginning of the inbound leg) was 0953 at -1800 km range 
from Maui, Hawaii. A deep, tropospheric low-pressure 
system was located in the North Atlantic (53øN,-164øE) 
with an occluded front wrapping eastward and southward 
into a trough with a newly formed, weak low at 35øN, 
- 17 IøE (SE95). 
.The airglow imager was filtered to broadband (7500- 
9000 3.) to observe primarily the OH (5-2) and (6-3) bands, 
while the Michelson IF observed the OH (3-1) band. The 
OH characteristics along with the OH-weighted Na column 
density are shown in Figure 4, where the x axis represents 
distance along the flight path with the zero position at 0815 
UT and with positive values to the NW. The OH-weighted 
Na column density is shown in order to characterize the Na 
density changes over the same general height range that the 
OH volume-integrated intensity and rotational temperature 
measurements are made. The horizontal dimension is in 
phase space: that is, the aircraft traveled northwesterly at 
V• while the wall wave was observed traveling to the SE 
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Figure 2. A time history of the Na parameters as rr, easured 
from the NCAR aircraft on the outbound portion of the 
flight including (a) column abundance, (b) centroid height, 
and (c) layer thickness. 
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Figure 3. Altitude profiles of (a) Na mean densities from the aircraft before crossing the "wall" (0700- 
0800 UT) and following the wall penetration; (b) the difference between the two altitude profiles 
shown in Figure 3a; (c) modeled Na densities for a gravity wave with •,z = 20 km, e (88 km) = 0.1, and 
[3 = 0.05 km -t, when q) (88 km) is 0 ø and 180ø; (d) the difference between the profiles in Figure 3c. 
(at 75 m s-t). The distance dimension on Figure 4 was 
calculated using the total relative velocity between the 
wave and the aircraft in order to represent the horizontal 
wave scale information. In order to make a direct com- 
parison with the OH airglow the Na column density plotted 
in Figure 4d has been weighted by the function exp(-(z- 
Zo)2/(2{j2), when zo = 89 km and (• = 4.4 km [Swenson and 
Gardner, this issue]. This function represents a modeled 
height distribution of the OH volume emission rate. Figure 
4 shows that the Na release occurred within 100 km of the 
leading edge, which, in a local time reference frame for Cobs 
= 75 m s -1, corresponds to -25-30 min. Note that the OH- 
weighted Na column density increased by only -80% 
across the wall, since most of the increase in atomic Na was 
above 90 km (Plate 1). 
The time histories of the OH airglow measurements 
show interesting differences. The OH imager data (Figure 
4a) describe a 60% increase very similar to the Na, whereas 
airglow and the differences in the OH brightness observed 
by the imager and the Michelson are due to differences in 
the respective OH bands. Close examination of Figure 4b 
suggests that the double structure wave observed by the 
Michelson intensity reappears (very attenuated) with a 
horizontal wavelength of-300 km and in OH rotational 
temperature of-350 km. The OH temperature in Figure 4c 
shows a large (average) increase of-30% at the wall but 
falls to prewall values at a distance of 150 km from the zero 
reference. All of these measurements have been sum- 
marized in Table 1. 
2.2. Haleakala Observations 
We now shift our attention to the optical measurements 
at Haleakala which characterized the wave as it transited at 
about 1130 UT. The skies had been cloudy prior to 1030 
UT and then cleared about 1 hour before transit of the wall 
before clouds reappeared at 1330 UT. Plate 2 contains 
the Michelson (3-1) band intensity (Figure 4b) shows a contour plots describing the Na density and temperature as 
larger increase (-85%). The imager brightness remained 
enhanced NW of the wall, whereas the Michelson (3-1) 
band did not. A background measurement was made with 
the imager on both sides of the wall, at 0740 and 0900 UT, 
respectively, using a 5700 3, filter with a 120 s exposure. 
This background is sensitive to the spectral band peak of 
a function of altitude for the unclouded time period, 
measured by the Na wind/temperature lidar. Note the tem- 
perature enhancement peaking at 1125 UT near 85 km and 
a second enhancement that occurs 80 min later. The period 
of 80 min, with a Cobs=75 m s -t corresponds toa X,x - 360 
km, similar to that observed in the Michelson data on the 
NO 2 which could possibly have been enhanced NW of the aircraft near 0815 UT. It is obvious from the temperature 
wall and contributed to the OH broad filter signal [see 
Swenson and Mende, 1994]. The background was actually 
observed to have decreased by -5% NW of the wall, 
suggesting NO2 did not contribute to a background change 
across this boundary. From this, we conclude that the 
imager signal in Figure 4a represents uncontaminated OH 
data that the wave is severely damped with altitude at this 
location. 
Figure 5a shows the time history of the Na column 
density, which peaked at-1120 UT. The other panels in 
Figure 5 illustrate the time histories of the Na column 
abundance, the OH-weighted column abundance, and the 
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Figure 4. A plot of data from the aircraft versus distance where 0 is chosen as 0815 UT, near the 
maximum changes occurring in airglow where the plus direction is NW along the flight path. The 
horizontal dimension is in phase space; that is, the apparent velocity with respect o the wave was the 
V:,c + Cobs, where Cobs was measured at75 m s -• (SE95) and the horizontal distance was computed, for a 
given time, from the summed velocities. The measured signals from the overhead sky include (a) the 
intensity signal from the OH filter in the imager, (b) the intensity signal from the Michelson 
interferometer, (c) the OH rotational temperature from the Michelson interferometer, and (d) the Na 
column abundance (weighted by OH volume emission rate). Note that the step increase in OH 
observed by the imager is synonymous with the OH-weighted Na column abundance increase of 60%. 
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Table 1. Summary of Measurements 
Observation 
AOH intensity 
/Xlo. 
ANa airglow intensity 
A[Na] column density 
A[Na] column density, 
OH-weighted 
ANa centroid height 
AT, Na lidar 
NCAR Aircraft* 
OH Max-- 0815 UT 
, 
60% (imager)- 
85% (Michelson) 
48" (30%) 
50% 
180% 
80% 
-0.65 km (-1.1 km) 
Haleakala* 
OH Max---1130 UT 
40% 
•4" (8%) 
122% 
25% 
25% 
-0.75 km 
24 ø (12%) at 85 km 
11 ø (5.6%), OH-weighted 
Wall wave parameters 
œ (amplitude at 88 km) 0.1 0.04 
•,, (vertical wavelength) 20 km 20 km 
•,x (horizontal wavelength) 300-350 km 360 km 
Period 80 min 80 min 
C,,h.•, phase speed 75 m s -1 75 ms-' 
[• (damping coefficient 0.05 km -1 H = -4 km,Z < 88 km 
equal to 1/(2H))* 0.05, Z > 88 km 
AOH intensity, model 55% 35% 
ATo., model (volume-weighted) 24 ø (12%) 8 ø (4%) 
85-90 km mean 35 ø (18%) 18 ø (9%) 
*Observed changes in the respective parameter at the respective location of the 
wave. The location of the wave as observed from the aircraft at 0815 UT was -900 km 
NW of Haleakala. Also note that these are total peak-to-peak changes, with the exception 
of the wave amplitude œ. 
*The damping factor for a wave amplitude with altitude is given as e • (z-z0.)) where • 
= 1/2}t is the damping coefficient and Zo. is mean altitude of OH volume emission rate, 
88 km. For H = 6 km (the atmospheric scale height at 88 km), wave amplitude increases 
with altitude with decreasing density. The parameter • = 0 is a "saturated" condition (no 
growth with altitude). Negative [• effectively "damps" the wave amplitude with 
increasing altitude. 
Na centroid height and width. The measured OH rotational 
temperature is shown as well as the Lidar measured OH- 
weighted temperature. The Na and OH airglow brightness 
measurements are also plotted in Figure 5. (The modeled 
values will be discussed later.) An interesting contrast with 
Figure 2 is that although the Na density was dynamically 
disturbed as the wave passed, the density then returned to 
the local prewall level. This implies that at some point 
between the end of the aircraft observations at 430 km NW 
of Maui and the island, the release of Na from a presumed 
reservoir ceased to operate effectively. Note also that the 
Na column density (both total and OH volume weighted) 
changed by 25% for the wall wave. The prewall Na 
column densities at Haleakala were larger than the prewall 
densities observed 900 km NW from the aircraft, a condi- 
tion likely due to the tides. 
Plate 3 describes the time history of the perturbed Na 
which is the mean profile for the period subtracted from a 
profile at a given time. The temperature perturbation is also 
shown, calculated in the same manner. The time histories 
of the rates of change of Na and T are plotted in the bottom 
two panels. The temperature perturbation and time deriva- 
tive plots show changes consistent with a downward phase 
propagation of a wave with a •,z of-20 km. The dispersion 
relationship can be approximated as •z = N Cin where N is 
the Brunt period which is -300 s at OH emission altitudes. 
A computed Cin of 66 m S -• is consistent with magnitude of 
the Cc, bs (75 m s 'l) assuming a small contribution from the 
mean wind. The University of Western Ontario (UWO) 
Michelson IF observed OH (3-1) intensity and temperature 
during this time interval, and the intensity change was 
observed to be 40%, while the temperature change was only 
14 ø (8%). We note that the OH volume emission altitude 
weighted lidar temperature (Figure 5e) shows a change of 
11 ø across the wall, similar to the 14 ø change observed by 
the Michelson. The Na airglow intensity, measured by an 
airglow imager [Taylor et al., 1995], increased by 122% 
between 1029 and 1123 UT. All of these Haleakala obser- 
vations, together with the aircraft data, are summarized in 
Table 1. 
3. Model and Wave Synthesis 
3.1. Dynamic and OH Model Analysis 
From the lidar temperature measurements at Haleakala, 
we can infer the characteristics of the wave: period equal to 
80 min, Lz = 20 km, Ci = 66 m s -1, and Lx = 360 km. The 
amplitude of the temperature variation near 85 km was 25 ø 
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Plate 2. Contour plots of (a) the Na density observed at Haleakala on October 9, 1993; (b) the 
observed atmospheric temperature; (c) the modeled Na density for a gravity wave with •z = 20 km, 
œ (88 km)= 0.04, [3 =-0.125 km -• below 88 km, and period equal to S0 min, where • (88 km) = 0 ø at 
1030 UT; (d) the modeled temperature for the wave conditions in Plate 2c. 
(which corresponds to a wave amplitude, œ, of-7%) at that and atomic oxygen distributions in the mesosphere/'or near 
altitude. The dynamic model used in this analysis was equatorial conditions. Robie and Shepherd [1997] predict 
linear. Inspection of the temperature perturbation (Plate 3) the position of maximran meridional wind at 17.5øN to be 
shows that there is a near phase shift of the disturbance as at 87 k•n altitude at 2300 LT which is near Haleakala 
the downward propagation is followed to 87 km, below (21øN) where the wall passed at 2315 LT. Their predictions 
which the disturbance phase shifts and its magnitude is show a magnitude of the meridional wind of between 20 
markedly larger. We believe that the tidal winds may be and 80 m s -• in the core, depending on the strength of the 
partially blocking the gravity wave from propagating freely tide. Their model study is consistent with the suggestion 
above about 87 km altitude. The apparent displacement of made above that the tidal wind shears were likely involved 
the slope of the vertical wavelength across this postulated with the process of partially blocking the gravity wave. 
shear zone suggests a large wind shear exists at this altitude We now describe a model to simulate gravity wave 
region. Although lidar winds are not available for this perturbations to the OH airglow layer, followed by the 
night, examination of the detailed altitude distribution of development of a Na wave model in the next section. 
the winds from October 21 [ Tao and Gardner, 1995, Figure Swenson and Gardner [this issue] have described a •nodel 
1 ] describes a wind field for the same time of the evening of the vertical structure of the temperature and density, as 
which would result in a severe damping condition. Robie well as the redistribution of atomic oxygen, associated with 
and Shepherd [1997] have described the mesospheric wind AGW phenomena. This model employed the wave 
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Figure 5. Time history plots of observed parameters at Haleakala on October 9, 1993, compared with 
the model predictions for a gravity wave with )•z = 20 km, œ (88 km) = 0.04, [3 =-0.125 km -I below 88 
km, period equal to 80 min, and qb (88 km) = 0 ø at 1030 UT. The parameters are (a) Na column 
abundance; (b) Na column abundance weighted by the OH volume emission rate; (c) the Na layer 
centroid height; (d) the Na layer rms width; (e) the atmospheric temperature (weighted by the OH 
volume emission rate) and OH rotational temperature; (f) the relative Na airglow emission intensity 
perturbations; (g) the relative OH airglow emission intensity perturbations. Note that the passage of 
the wall wave was -1130 UT. 
dynamics described by Gardner and Shelton [1985], from the vertical wave number, k = 2/1;/3• h is the horizontal wave 
which was derived the following expression for the number, )•z is the vertical wavelength, and )•h is the hori- 
atmospheric disturbance: zontal wavelength. 
In the case of the AGW at Haleakala, temperature 
P/Pu - 1 + œ e[3(z - ZOH) COS [COt- kx+ m(z- zOH)] (1) profiles were selected at hree times during the passage of 
the wave in order to model the wave at three different 
where p and Pu are the disturbed and undisturbed mass phases. The measured lidar profiles are shown for these 
densities, œ is the wave amplitude at altitude zOH (88 km), respective times as solid curves in Figure 6. A mean 
1/[3 is the amplitude growth length (equal to 2H for temperature profile was then constructed from all the 
undamped waves), CO is the intrinsic frequency, m= 2•c/3• z is temperature observations during this night (1030-1330 UT); 
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Figure 6. A plot of measured (solid) versus model 
this profile was used as a mean from which an AGW 
amplitude and damping factor was applied for the measured 
period and associated wave phase. Our phase reference is 
at 88 km, where q)= 0 ø implies a maximum density 
excursion for the state of the wave at that altitude. The 
reference for the temperature maximum observed at 85 km 
in Figure 6 is a phase of-252 ø (or- 108ø). The phase model 
at 1129 UT was 252 ø and with an œ = 4% at 88 km. OH 
brightness is a maximum near the temperature maximum at 
85 km as will be discussed later, and thus this phase is an 
important reference relating the observations. For the 
model profiles shown in Figure 6, significant damping was 
imposed ([• =-1/8 km -l) between 85 and 88 km and a 
saturated condition ([• = 1/18 = 0.05 km -•) above 85 km. 
(Note that in the discussion which follows, we adopt the 
convention that œ refers to the wave amplitude at 88 km.) 
This choice of parameters produces a reasonable simulation 
of the wave as shown by the dashed curves in Figure 6. 
The model was then run for a full wave period, using 
the observed mean temperature profile as input to the 
Swenson and Gardner [this issue] model. This predicts an 
OH intensity fluctuation (peak-to-peak) of 35%, which is in 
good accord with the measured 40% change. The predicted 
OH temperature change is 8 ø, somewhat lower than the 14 ø 
measured by the Michelson and the 11 ø change in the OH- 
weighted temperature measured by the Na lidar. However, 
if the modeled OH temperature change is simply taken as 
the average change between 85-90 km, as found by Hecht 
et al. [1993] from OH comparisons with lidar data during 
the Arecibo campaign, then the predicted change is 17 ø, 
which slightly overpredicts the observations (see Table 1). 
The best representation would seem to be a compromise 
between these two, but this is a study in itself and will not 
be pursued further here. The modeled temperature and OH 
volume emission profiles (assuming the MSIS 90 model 
atmosphere [Hedin, 1991] are shown in Figure 7. Note that 
the OH volume emission changes occur with a centroid 
height close to 85 km. With the wave now satisfactorily 
modeled, we can also reconstruct variation in the atomic 
oxygen distribution over the course of the period of the 
wave at Haleakala. This is described in Figure 8. Note the 
effect of the severe damping coefficient regarding the 
amplitude of the wave with altitude. 
The next major objective is to understand the condi- 
tions of the wave at the point of the aircraft observations in 
order to establish the physical parameters for the Na 
release. The changes in OH brightness across the wall were 
60 and -85%, observed by the imager and the Michelson, 
respectively. These changes are significantly greater than 
the 40% change observed at Haleakala. Most of the OH 
intensity change is predicted to originate from -85 km, that 
is, 3 km below the altitude of peak volume emission temperature profiles for three phases of the wall wave 
transiting through Haleakala. The period of the wave was according to Swenson and Gardner [this issue]. Consider- 
80 min. Assuming phase (qb) =272 ø at 1129 UT (the time ing the wave amplitude (at85 km) was 6-7%, the increased 
of maximum temperature and minimum density excursion OH intensity would suggest a wave amplitude for the air- 
at 85 km). The top panel is for qb = 62 ø, and the middle one craft at 88 km of -10%. The temperature change observed 
is for 162 ø. by the Michelson at Haleakala was 8%, compared with 
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Figure 7. (top) Modeled perturbed temperature profiles, (middle) OH volume emission profiles, and 
(bottom) Na density profiles for (left) • = 0 ø and (right) (q)) = 180 ø . The modeled parameters were 
amplitude equal to 4% at 88 km and heavily damped to that altitude with the damping constant 
(defined as 13 = 1/2H) where H =-4 kin. 
30% (albeit with significant scatter) from the aircraft 
measurement. The fact that the temperature has a signifi- 
cant amplitude at the aircraft suggests strongly that the 
wave was not being damped severely and had a significant 
amplitude at the higher altitudes as it penetrated up into the 
OH emission layer peak near 89 km and above [see 
Swenson and Gardner, this issue]. If we increase the 
amplitude of the wave to 10% and decrease the damping to 
[• = 0.05 km -•, the O density profile changes will be those 
described in Figure 9 (top). This model does predict a 55% 
change in OH volume integrated brightness near that which 
was observed at the aircraft but only an -12% change in 
temperature. The model predictions for the OH intensity 
and temperature at the aircraft are also summarized in Table 
1 for comparison. The model-calculated effective mean 
temperature for 85-90 km is also tabulated for the 
respective conditions. Figure 10 shows a specific set of O 
profiles for the two wave conditions presented in Figure 9, 
but for qb = 0 ø and 180 ø only. 
In summary, the model analysis would suggest a wall 
wave amplitude of 10% with a growth factor near saturation 
at the aircraft and -4% amplitude at Haleakala (at 88 km 
and above), severely damped between 85 and 88 km, with a 
wave amplitude at 85 km of 6-7%. The model calculations 
were all performed using a mean temperature as measured 
by the lidar at Haleakala. 
3.2. Chemical Model Analysis 
In order to examine AGW perturbations to the Na layer 
we start with the sodium model of Plane et al. [this issue, 
and references therein]. This one-dimensional model 
extends between 65 and 110 km and contains a full treat- 
ment of the chemistry of sodium, based upon a recent 
review of laboratory studies [Plane and Helmer, 1994] and 
including new work on its ion-molecule chemistry [Cox 
and Plane, this issue]. The model assumes that meteor 
ablation is the major source of sodium in the upper 
mesosphere and that the gas-phase chemistry of this metal 
essentially controls the formation of the atomic Na layer. It 
also makes the key assumption that sodium is partitioned 
among nine constituent species (Na, Na +, Na cluster ions, 
NaO, NaO2, NaO3, NaOH, NaCO 3, and NaHCO3) and that 
the rate of partitioning is rapid on the timescale of vertical 
mixing. Hence the concentrations of the constituent Na 
species at each altitude can be computed by assuming a 
chemical steady state governed by the set of reactions listed 
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which transited Haleakala at 1130 UT. The amplitude of the wave is 4% with 13 = 1/2H where H=-4 to 
88 km and near saturation above. 
by Plane et al. [this issue, Table 1]. The vertical profiles of 
the minor species 03, O, H, H 2, H20, and CO2, which 
control the distribution of the Na species, are taken from the 
two-dimensional model of Garcia and Solomon [1994]. 
Zonally averaged profiles for October (23øN) were used as 
the best representation of the conditions for the present 
study. Because of temperature differences between the 
Garcia-Solomon model and those observed at Haleakala 
and the aircraft, the O3 concentration was rebalanced by 
ensuring a steady state between production by recombi- 
nation of O and 02 and loss by reaction with atomic H [see 
Plane et al., this issue]. 
When applying this sodium model to the present 
observations, it is important to note that the model is 
designed for investigating the time-averaged characteristics 
of the Na layer at a particular latitude and time of year. 
Hence we have constructed an "average" Na density profile 
from 20 nights of observations at HA, comprising a total of 
61 hours of lidar measurements distributed fairly evenly 
between 700 and 1300 UT (in order to avoid biases from 
the effects of the diurnal and semidiurnal tides). This is 
illustrated in Figure 11, along with the Na profile calculated 
by the model. The single parameter that has been adjusted 
in the model is the total sodium concentration at 95 km 
(i.e., the sum of all nine Na-containing species), which is 
required in the solution of the one-dimensional continuity 
equation. In the accompanying study of the Na layer at 
extreme high latitudes [Plane et al., this issue], this 
parameter was set to be 4 x 103 cm -3. In order to optimize 
the agreement with the measurements of the layer column 
density and peak height at Haleakala, the total sodium at 95 
km has to be increased to 7 x 103 cm -3. This is in sensible 
accord with the observation that the meteoric input flux is 
about 50% higher at low latitudes compared with high 
latitudes [Thomas et al., 1988]. Table 2 lists the charac- 
teristic properties of the modeled and observed profiles in 
Figure 11, and shows that highly satisfactory agreement is 
achieved. Since several unmeasured rate coefficients in the 
chemical scheme of sodium were optimized to measure- 
ments of the Na layer at mid and high latitudes [Plane et 
al., this issue], the success in modeling the layer at low 
latitudes is further evidence that the basic chemistry of 
sodium is reasonably well understood. The modeled 
profiles of the major Na reservoir species are also illus- 
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trated in Figure 11, showing that Na + predominates above 
the layer and NaHCO3 predominates on the underside. 
Perturbations caused by the propagation of gravity 
waves are now introduced into this sodium model by using 
the set of relationships developed by Swenson and Gardner 
[this issue] to describe the time-dependent variations in the 
temperature, the total atmospheric concentration, and the 
concentrations of the minor species that drive the sodium 
chemistry (i.e., H, O, 03, H2, H20, CO2, NO +, O2 +, and e-). 
The nine sodium species are transported as a family of total 
sodium and continuously repartitioned into a new chemical 
steady state at each phase of the wave. The model was run 
using the values of •,z, 'r, •, and • derived above for the 
wave conditions both at Haleakala and observed from the 
aircraft. The resulting perturbations to the time-averaged 
Na layer at Haleakala are illustrated in Figure 7, when the 
phase q)(88 km) is 0 ø and 180 ø. Plate 2 contains contour 
plots showing the predicted Na density and temperature 
profiles over two wave cycles for comparison with the Na 
lidar observations. The predicted changes in the Na column 
density, the centroid height of the layer, the rms width, the 
OH-weighted temperature and column density, and the Na 
and OH airglow intensities are compared in Figure 5 with 
their observed time histories. The Na airglow is computed 
using a branching ratio of 0.1 for production of the Na(2p) 
state in the Chapman cycle [Clemesha et al., 1995], and the 
OH intensity is derived from the formalism given by 
Swenson and Gardner [this issue]. 
It should be noted that the assumption made above, 
namely, that the sodium chemistry is fast enough so that a 
chemical steady state is maintained as the wave propagates 
through the layer, represents a limiting case. The opposite 
case is that the atomic Na is a conserved, or chemically 
inert, tracer. The real situation lies in between these 
extremes because the chemical time constants character- 
izing the rate at which sodium is converted between atomic 
Na and its reservoirs range from 1 to 3 hours below 95 km 
and hence are similar to the wave period of 80 min. In 
practice, however, the chemical perturbations to the Na 
layer induced by changes in temperature and the concen- 
trations of minor species such as 03, O, and H are much 
smaller than the accompanying dynamical perturbations, 
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which are relatively large because the mixing ratio of 
atomic Na varies strongly with altitude (this is because of 
the small scale heights on the top and bottom of the layer; 
see Table 2). Even when the chemistry is allowed to adjust 
continuously to the steady state as the wave propagates 
through the layer, above 85 km there is less than a 10% 
difference than if the atomic Na were a conserved tracer. 
This is in accord with the study by Hickey and Plane [1995] 
which showed that the chemical coupling between atomic 
Na and NaHCO3 should only amplify dynamical pertur- 
bations significantly below 85 km. Hence we do not 
consider that a fully time-dependent wave model of the 
neutral sodium chemistry is required for the present anal- 
ysis, especially since the model is employed here to provide 
phenomenological insight rather than a detailed simulation 
of an event where many of the chemical constituents were 
not measured. 
By contrast, in the discussion which follows, we will 
show that Na + ions were very likely a significant source for 
the large enhancement of atomic Na observed from the 
aircraft. The nature of the ionic chemistry of sodium 
requires a time-dependent model, and for this we have 
adapted the model of Cox and Plane [this issue]. Plate 4 
illustrates the predicted growth of a layer of atomic Na 
formed by the neutralization of Na + ions in a descending 
sporadic E layer. The layer is initially at 98 km, with a Na + 
concentration of 9 x 103 cm -3 and a full width at half 
maximum (FWHM) of 2 km. The layer is then transported 
downward by the wave that characterized the aircraft 
observations (i.e., œ = 0.1, [• = 0.05 km-5; zero time on the 
figure is when q) = -108 ø (at 88 km). For the scenario 
modeled in Plate 4, the wave causes a large downward 
transport after a quarter of a period so that the ions are 
moved downward and then proceed to be neutralized to 
form a sporadic neutral layer [see Cox and Plane, this 
issue]. 
4. Discussion 
The most striking observation that was made during the 
sequence of events reported here was the almost three-fold 
increase in the atomic Na column density following the 
passage of the wall (Figure 2 and Plate 1). A coherent 
explanation for this unusual event must also account for the 
changes in airglow intensities and temperature that were 
observed both from the aircraft and at Haleakala. A good 
starting point is to consider the sampling sequence. This 
began with the outbound flight path of the aircraft along 
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NaHCO3. 
then have been purely coincidental that the Na enhance- 
ment was aligned with the large AGW that was observed by 
the aircraft at 0815 UT. We can calculate that a minimum 
average convection velocity of 30 m s -• toward the SE 
would have been required to transport Na from where the 
enhancement was first observed, 900 km NW of Maui at 
0815 UT, to 430 km NW at 1230 UT. The wind at meso- 
sphere/lower thermosphere (MLT) altitudes was measured 
over Kauai, another Hawaiian island, by an MF radar were 
reported by Isler and Fritts [1995]. The mean meridional 
wind for this time period was northward, opposite the direc- 
tion the wall traveled. Given that this wind represents the 
drift for the region, convection was not likely responsible 
for the Na enhancement. It would have also been highly 
coincidental that the leading edge of the convection 
boundary was aligned with the leading edge of the strong 
AGW, unless of course the convection boundary was 
generating the waves from below. 
There are significant differences between the changes 
which an atmospheric volume was sampled and then re- to the Na layer at Haleakala (Plates 2 and 3 and Figure 5) 
sampled after the aircraft turned back toward Maui. It was and those observed from the aircraft (Figures 2 and 3 and 
therefore possible to observe the wall initially about 900 km Plate 1). In the former, the Na enhancement was relatively 
NW of Maui at 0815 UT and then to study the effects of its small, occurred below 92 km, and reversed in phase with 
passage several hours later on the inbound flight. This is the propagating wave. In the latter, a much greater 
somewhat similar to the flight reported by Gu et al. [1995], enhancement occurred between 90 and 96 km that was 
where the path on an outbound flight leg was subsequently irreversible on a timescale of several hours. We will first 
doped by auroral particles near aircraft turnaround; sporadic discuss the Haleakala observations, which appear to be 
Na layers, presumably associated with the auroral simpler to explain. The comparisons between the observa- 
processes, were then observed on the return leg. In the tions and the predictions of the wave-driven model 
present case, the phase speed associated with the wave described above are illustrated in Plate 2 and Figure 5. 
carried the wall to Haleakala at-1130 UT. The aircraft Bearing in mind the necessarily simple description f the 
sampled the same region of atmosphere on the return leg wave dynamics inthe model and the fact that he concen- 
and found the Na column density was enhanced by about trations of the minor atmospheric species are derived from a 
180% all the way until the lidar was shut down at 1230 UT, zonally averaged model, we consider that the modeled 
a distance of430 km NW of Maui. perturbations are in satisfactory accord with the observa- 
The event described here that passed Haleakala at tions. The most obvious difference is that the actual wave 
•-1130 UT on October 9 is in fact rather similar, in terms of mnplitude above 87 km was much weaker during the 
airglow brightness, to that reported by Taylor et al. [1995b] second cycle after 1210 UT, whereas in the model the 
at -1100 UT on October 10, again at Haleakala. Using an amplitude r mains fixed at œ (88 km) = 0.04. Inspection of
OH imager and a Michelson IF, Taylor et al. observed a Figure 5 also reveals that whereas the model predictions 
"step" increase in the OH airglow brightness, resembling agree particularly well with the observed changes inthe Na 
the wall of airglow brightness observed by the OH i•nager column density and temperature during the first cycle of the 
on the aircraft at 0815 UT the previous day (Figure 4) as wave, there is less good agreement for several of the other 
well as a step decrease in the OI (5577 ]•) emission. I  parameters. The worst discrepancy is the underprediction 
both cases, a short wavelength wave (Lx-20 km)was 
observed with a phase speed of-75 m s -1 from the NW 
[Taylor et al., 1995b; SE95]. The similarity of such unu- 
sual airglow phenomena at nearly the same local time, 24 
hours apart, strongly suggests that the diurnal tide may have 
played an important role which will be explored later. The 
source of the large-amplitude gravity wave is not known. 
As noted earlier, there was also a tropospheric low-pressure 
system to the NW where tropospheric convection could 
have generated the AGW, although there is not sufficient 
data to explore this possibility in further detail. 
The Na enhancement could either have been caused by 
in situ release from a reservoir, triggered by the phase front 
of the wave propagating to the SE, or by convective 
transport of Na toward the SE. In the latter case, it would 
Table 2. Measured and Predicted Characteristics of the Na 
Layer at Haleakala, Maui (20øN) 
Layer Property Model Observation 
Column abundance, cm -2 9.9 x 109 10.0 x 10 • 
Centroid height, km 92.1 92.7 
Peak height, km 90 92 
RMS width, km 4.1 4.2 
Peak density, cm '3 9690 9690 
Top scale height, km -2.1 * -2.0* 
Bottom scale height, km 1.1' 1.5* 
* Scale height determined over the interval 95-100 km. 
Scale height determined over the interval 83-87 km. 
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ratio that increases with height, so that downward transport 
to below 100 km can provide an important source of atomic 
Na [Cox and Plane, this issue]. When considering the role 
of these reservoir species, an important point to note is that 
the Na layer before the wall at 0815 UT was in fact rather 
atypical. Comparison between the profile for this period 
(see Figure 3a) and the average'profile in Figure 1 1 reveals 
that the prewall layer was substantially depleted on both top 
and bottom (although the peak Na density of about 8600 
atoms cm -3 is close to the average). As discussed in detail 
by Plane et al. [this issue], significant bottom-side deple- 
tion is associated with low mesopause temperatures which 
cause sodium to be partitioned to NaHCO3. Indeed, the OH 
rotational temperature plotted in Figure 4 shows that before 
the wall the temperature was about 150 K, about 40 K 
0 2000 4000 6000 8000 10000 12000 colder than the average t mperature in the 85-90 km region 
Na Density (cm-3) measured by the Na lidar at Haleakala. Depletion f atomic 
Plate 4. A contour plot showing the production f atomic Na on the top side can be explained by enhanced concen- 
Na in a descending sporadic E layer. The layer is initially at trations of NO + and 02 + ions, which convert Na to Na + ions 
98 km, with a peak Na + concentration f 9 x 103 cm -3 and a by charge transfer. The top-side depletion observed here 
FWHM of 2 km. The layer is then transported downward would occur if the total positive ion (or electron) concentra- 
by a propagating gravity wave with X,z = 20 km, œ (88 km) = tion was about 3 x 104 cm -3 at 95 km, about an order of 
0.1, 13 = 0.05 km -•, q) (88 km) = -105 ø, and period equal to magnitude higher than average nighttime levels. 
80 min. After 24 min the wave overturns, and the return Therefore, in order to model the aircraft observations, 
fails to propagate upward. the time-averaged N  layerwas recalculated to incorporate 
these two changes. First, the temperature was decreased by 
a Gaussian function with a peak of-40 K at 89 km and a 
by the model of the Na airglow intensity change. The FWHM of 10 km. Second, the electron density above 90 
observed Na brightness change was 122%, compared with km was increased by an order of magnitude. The wave- 
the model prediction of only 45%. The prediction of the driven perturbations were then determined for a wave of œ = 
OH change was close to that observed. The intensities of 0.1 and 13 = 0.05 km -l. As in the case of the smaller wave at 
both these airglows depend on 03, in turn a function of 
atomic O and H. Therefore the reason for the discrepancies 
may simply be that the scale heights of O and H at the 
higher altitudes where the Na airglow originates are not 
quite correct in the model. Further evidence for this being 
the case is that the model predicts a time-averaged Na layer 
with a peak that is 2 km below that observed (Figure 11), 
which in turn causes some discrepancies in the predicted 
amplitudes of the perturbations to the OH-weighted Na 
column abundance and centroid height (Figure 5). Never- 
theless, in spite of these differences, we believe that the 
overall agreement is good enough to conclude that distur- 
bance to the layer at Haleakala was caused by the wave- 
induced redistribution of the Na layer itself, with minimal 
release of Na from a reservoir. 
By contrast, the much bigger and long-lasting enhance- 
ment in the Na column density observed from the aircraft 
indicates that atomic Na was released from a local reservoir 
along the flight path at distances from 1800 km to 430 km 
NW of Maui. As shown in Figure 11, the two most 
abundant sodium reservoirs are NaHCO3 below 90 km and 
Na + ions above 100 km. There is, however, an important 
difference between these reservoirs. NaHCO 3 is mostly 
produced below 90 km, and so its mixing ratio increases 
downward. Hence it cannot be a major source of atomic Na 
above 90 km following upward transport of an air parcel 
[Cox et al., 1993]. Na + ions, by contrast, have a mixing 
Haleakala, the atomic Na column density is at a minimum 
and maximum for • (88 km) = 0 ø and 180 ø, respectively. 
The Na profiles for these two cases are illustrated in Figure 
3c, with a plot showing the difference between them in 
Figure 3d. Comparison with the observed Na profile before 
the wall (Figure 3a) shows good agreement with the model 
when the phase of the wave is • = 0 ø. This is expected 
because the temperature and electron density profiles in the 
model were changed to obtain a good fit. When •) = 180 ø, 
the column density increases from 4.0 to 11.2 x 109 cm -2, 
the centroid height decreases from 92.6 to 91.1 km, and the 
rms width increases from 2.7 to 3.7 km. Comparison with 
the observations in Figure 2 shows that the column density 
and rms width did indeed increase in agreement with these 
predictions and the decrease in the centroid height of about 
1.3 km appears to be close to the predicted change of 1.5 
km. 
We now need to consider the dynamic situation asso- 
ciated with the wall wave in the 95-97 km region. There 
are two significant points to note. First, the OH intensity 
maximum occurs at the end of the downward movement of 
oxygen rich atmosphere near 85 km (indicated as the "wall 
reference" in Figure 3). Since X,z is 20 km, the phase of the 
wave at 95 km is 180 ø out of phase with that at 85 km. 
Hence, at the wall reference point, the downward transport 
at 95 km, associated with the wave, was just beginning. 
That downward transport would continue for half the wave 
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period (40 min), or half Lx (150 km in phase space). The 
maximum downward transport at 95 km would accordingly 
be at a quarter period later, or 75 km distart from this point. 
This corresponds to -12 min of observation time in the 
aircraft. 
The second point to note is that the temperature lapse 
rate above 92 km is very steep and approaches the adiabatic 
condition. A large wave perturbation to the temperature 
profile will alter the condition to become super adiabatic, so 
that convective instabilities and associated overturning and 
turbulence will result. Indeed, when the AGW wave model 
with œ = 0.1 is applied to the average temperature profile at 
Haleakala, the wave changed the temperature lapse rate 
between 93.5 and 100 km to be superadiabatic for-40% of 
the period for the wave. If this mean temperature profile 
existed over the region of atmosphere to the NW of 
Haleakala, convective instabilities and overturning were 
likely occurring above 90 km. 
Although we have shown above that redistribution of 
the existing Na layer by a strong AGW appears to account 
for the large Na enhancement observed from the aircraft, 
there are in fact several reasons why this cannot be the 
entire explanation. First, Lx for the wave is 300-350 km, 
and the relative velocity of the aircraft and the phase front 
of the wave were 760 km h -l, so the flying time to observe a
phase change of 180 ø was only 12 min. The rms width of 
the layer and the centroid height actually change on a much 
longer time-scale (Figure 2). Second, redistribution of an 
existing layer cannot cause a net enhancement over a hori- 
zontal scale comparable with )•x, whereas the aircraft 
observed the enhancement over a much longer distance. It 
may be that nonlinear wave effects are occurring. Third, 
inspection of Figure 3 shows that although the wave model 
is able to predict the Na enhancement below 95 km quite 
satisfactorily, it fails to reproduce the magnitude of the 
enhancement at higher altitudes. Indeed, Plate 1 shows that 
the greatest enhancement immediately after the wall at 0815 
UT was in a thin layer between 94 and 97 km. 
The likeliest explanation is that a layer of Na + ions was 
transported ownward by the descending phase of the wave 
and then neutralized to form a sporadic Na layer, a process 
illustrated in the time-resolved model output in Plate 4. 
Note that this scenario requires the wave to cause a large 
downward velocity so that the ions are transported below 
about 95 km, where the rate of atomic Na production 
accelerates dramatically. Cox and Plane [this issue] have 
shown that the rate of neutralization of Na + is controlled by 
the ratio of atomic O to CO2, so that the exact altitude at 
which this explosive release of Na occurs will be quite 
variable. However, using the Garcia and Solomon [1994] 
model, we predict that the sporadic neutral Na layer will 
form at 94 km, only about 2 km below that observed (Plate 
1). There is then the question of the timescale of the 
release. The bottom panel of Figure 4 shows that the Na 
release occurred mostly between -100 and 200 km in phase 
space, corresponding to about 80 min (approximately one 
wave period). It will be seen in Plate 4 that most of the Na 
production occurs in the 40 min after the sporadic E layer 
reaches 94 km, which is more than fast enough. Note that 
the descending layer in Plate 4 reached 94 km after 24 min, 
which is when q) = 0 ø at 88 km. This synchronizes with the 
narrow Na layer predicted by the steady state model (Figure 
3), so that the explosive release would then have occurred 
into a depleted Na layer, as was observed. The sporadic E 
layer employed in the simulation in Plate 4 had a peak Na + 
density of 9 x 103 cm -3 and was thus a rather modest layer 
with a total electron density of about 2 x 105 cm -3, or f,E = 7 
MHz [see Cox and Plane, this issue]. Hence the injection 
of Na + could conceivably have been much greater. A final 
point is that the dominant lower E region ions, NO + and 
O2 +, are severely depleted in a sporadic E layer by 
dissociative recombination in the presence of the high 
concentration of electrons. Hence the atomic Na that is 
formed from Na + in the descending layer will only be 
converted back to Na + by charge transfer on a timescale of 
many hours, and so the enhancement will appear to be 
irreversible. 
As shown during the ALOHA-93 campaign [Qian et 
al., this issue], and from earlier work at Arecibo [Kane et 
al., 1993], sporadic Na layers are a common occurrence at 
low latitudes and are almost always associated with 
sporadic E layers descending with the semidiurnal tide. 
Kane et al. [1991] observed that these layers can have a 
very large horizontal coherence, in excess of 1000 km. 
Similarly, the enhancement in the Na layer reported in the 
present study extended over at least 1300 kin, although 
Plate 1 reveals that the enhancement was spatially rather 
incoherent and patchy. This may be evidence for the 
gravity wave disturbing the atmosphere resulting in 
convective instability. 
The thermal lapse rate at Haleakala would strongly 
suggest the likelihood of convective instability once the 
wave reached 92 km, leading to overturning and the 
depositing of turbulent energy into the layer. Figure 12 
describes a modeling simulation of the 10% wave superim- 
posed on the mean temperature as measured at Haleakala. 
The temperature profile at Haleakala had a "double meso- 
pause," similar to the equinox mean profiles observed at 
midlatitude by the lidars [see Senft et al., 1994]. The effect 
of the double mesopause is a steep temperature gradient 
above the peak, a relatively unstable condition. Given that 
this temperature profile represents a large area NW of the 
Haleakala, the effect of the 10% amplitude wave for a 
phase of 180 ø is shown (Figure 12) to alter the thermal 
profile above 93 km to a supersaturated lapse rate, likely 
resulting in convective instabilities and associated enhanced 
turbulence. This turbulent energy was probably also 
responsible for the gradual broadening of the whole layer, 
where the rms width increased to over 4 kin. In phase 
space, this "unstable" condition begins to occur in the 1/4 
period prior to the downward wind phase near 95 kin. 
Hecht et al. [1997] have identified a case at midlatitude 
(also near fall equinox) where the temperature profile was 
very similar to that measured at Haleakala. Hecht et al. 
observed a convective instability event with lidar density 
and temperature as well as airglow, simultaneously. The 
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Figure 12. A figure which describes the mean temperature profile at Haleakala as measured by the Na 
lidar, 1030-1330 UT (heavy solid curve). The dashed curve shows the temperature profile for the 
phase equal to 180 ø where the lapse rate in the 93-97 km altitude region is highlighted as being 
superadiabatic (convectively unstable). 
wave responsible for the breaking phenomena in their case 
was a large-amplitude gravity wave. The convective insta- 
bility can result if the double mesopause structure exists 
and the sharp decrease in temperature with altitude exists 
above. The double mesopause temperature profile was the 
case described by Hecht et al. [1997] and was the case as 
measured by the Na lidar at Haleakala. Roble and 
Shepherd [ 1997] describe the near-equatorial condition for 
a weak and strong tide. Their study predicts the second 
mesopause propagating downward in phase reaching 95 km 
by 1700 LT and 90 km by 2300 LT. Their tidal peak 
prediction at 90 km was nearly identical to the altitude of 
the peak temperature measured as a mean between 2230 LT 
and 0100 LT at Haleakala. Their model predicts a lapse 
rate of-8 K km -• above the second mesopause. In their 
study, it is the LT period between -1900 and 0400 where 
the lapse rate conditions are relatively unstable above 90 
km. Given that this strong diurnal tide condition exists, we 
believe the large-amplitude gravity wave observed event 
perturbed the lapse rate even further, likely producing 
convective instability. The absence of a large and perma- 
nent enhancement to the layer at Haleakala indicates either 
that this postulated sporadic E layer did not extend all the 
way to Maui or that the wave itself had become too damped 
by then to penetrate effectively above 95 km. Our study 
shows that the later is most likely. 
Finally, we should consider how the other observed 
parameters measured from the aircraft fit with this wave- 
driven mechanism for the Na enhancement. SE95 reported 
that the Na airglow intensity increased by about 50% across 
the wall, from zenith-viewing measurements made at 0740 
and 0900 UT. This is significantly lower than the increase 
in the Na column density, which ranged from 75 to 125% 
during this time frame (Figure 2). Since the airglow 
intensity is proportional to the product of the Na and 03 
concentrations, the only explanation for this is that the Na 
enhancement occurred in ozone-poor air. This argues 
against simple redistribution of the existing Na layer and in 
favor of the descending sporadic E layer postulated above. 
The reason for this is that a sporadic E layer contains high 
concentrations of Fe + and Mg + ions [e.g., Kopp, 1997]. 
These ions react at the collision number with 03 [ k(Fe + + 
03) = 3 x 10 © cm 3 molecule -•s '• at 200 K (R. J. Rollason 
and J. M. C. Plane, unpublished work, 1997) and k(Mg + + 
03) = 7 x 10 m cm 3 molecule -•s -• [Rowe et al., 1981]. The 
resulting metal oxide cations are rapidly converted back to 
the metal ions by reaction with atomic O [Plane and 
Helmer, 1995] and hence set up very efficient catalytic 
cycles that destroy 03. For the case of the sporadic E layer 
used as an example in Plate 4, where the electron density 
was 2 x 105 cm -3, the lifetime of 03 would only be about 3 
hours. 
Figure 4 summarizes the time histories of the OH 
intensity measured by the imager and the Michelson, which 
reported enhancements of 60 and 85%, respectively. These 
factors are in good accord with the model prediction for the 
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OH intensity to increase by 86% between • (88 km) = 0 ø the thermal profile to go superadiabatic between 93.5 and 
and 180 ø. Note, however, that there are obvious differences 100 km, producing convective overturning and complete 
in the time histories of the measurements: the Michelson mixing in this region during the wave passage. This is most 
observed a reversible enhancement, which peaked at the likely what occurred in the region NW of Haleakala, where 
wall itself at 0815 UT, whereas the imager observed an the large Na release was observed. Although most of the 
intensity increase that started later and did not reverse, observations were explained by the modeling, there were 
similar to the Na column density. The OH rotational tem- several shortcomings for the aircraft observations including 
perature, measured by the Michelson, increased by 30% to the following: (1) The Na airglow brightness increase 
reach a maximum at the wall. This is much larger than the across the wall at the aircraft was predicted to be 125% and 
11% increase in the OH-weighted temperature predicted by was observed at 50%, (2) the Michelson OH temperature 
the model. A possible, though unlikely, explanation for excursion across the wall was predicted at 12-18% and was 
these apparent discrepancies is that the Michelson was observed at 30%, and (3), the Michelson OH intensity did 
measuring OH emissions that were mostly from a lower not show a step change in brightness across the wall as the 
altitude, since this instrument observed the OH (4,2) and imager did. Attempts to explain these were described in the 
(3,1) bands in contrast o the imager which recorded the OH discussion, but further study and observations will be 
(5,1) and (6,2) bands. The high-lying vibrational levels of needed in order to fully understand the detailed physical 
OH are populated by the reaction H + 03 --> OH* + 02, processes. 
whereas the less exothermic reaction HO2 + O•> OH* + 02 Chemical modeling shows that the downward 
only populates the lower OH levels. A simple model shows displacement of Na + ions in a descending sporadic E layer 
that the H + 03 reaction is about 20 times faster at 90 km, was most likely to have been the major source of the 
but the HO 2 + O reaction is a more important source of OH sporadic Na. Although Na + ions have a lifetime of about 5 
below about 84 km. The above explanation is presented as a hours at 98 km, once they are transported ownward from 
possibility. On the following night from that reported here, 
Taylor et al. [1995b] observed a "step" increase in the OH 
airglow brightness from the Michelson on Haleakala and 
imager during another large wave event. The physical 
processes responsible for this difference are largely a 
mystery. 
5. Summary 
In summary, a large sporadic Na layer was observed 
during the ALOHA campaign on October 9, 1993. The 
this altitude, very rapid neutralization occurs in the 93-94 
km altitude region [Cox and Plane, this issue]. The 
timescale associated with the sporadic layer formation, 
which followed the observed OH enhancement, is consis- 
tent with the wave transport requirements at the higher- 
altitude region where the release occurred. This model can 
also account for the surprisingly small increase in the Na 
airglow intensity, since ozone would have been substan- 
tially destroyed by catalytic cycles involving metallic ions 
such as Fe + and Mg + in the descending sporadicE layer. 
Finally, it should be noted that this model, which couples 
the physical processes of gravity waves and tidal ion layers layer was initially observed 900 km NW of Haleakala, as a 
together with the ion-molecule chemistry of sodium, may 
180% increase in the Na column density, which occurred well provide a general explanation for the phenomenon of 
simultaneously with alarge increase in OH airglow. The low-latitude sporadic Na layers. leading edge of the sporadic layer was associated with a 
large-amplitude atmospheric gravity wave. The wave 
traveled to the SE at 75 m s -l, crossing Haleakala 3.25 hours Acknowledgments. The observations wereupported by the 
later, where it was observed by airglow and Na/temperature National Science Foundation, Atmospheric Sciences Division- 
lidar instruments. By this time, the wave was weaker, and a Aeronomy. The sodium odel development was supported by the 
Na sporadic layer was not observed to form. U.K. Natural Environment R search Council's nitiative Labora- 
The OH airglow and lidar temperature observations 
were analyzed using a gravity wave model [see Swenson 
and Gardner, this issue]. Satisfactory simulation of the 
observations at Haleakala was achieved when the wave 
amplitude was set to be •4% at 88 km, with significant 
growth in the amplitude at lower altitudes. This wave was 
extrapolated to have a 10% amplitude for the aircraft 
observations 900 km to the NW. The temperature profile at 
Haleakala has a steep thermal lapse rate above 92 km, 
where it is nearly adiabatic. This state is therefore one 
which is easily pushed by large-amplitude waves to become 
tory Studies of Atmospheric Chemistry. 
References 
Bills, R. E., C. S. Gardner, and C. Y. She, Narrowband lidar 
technique for Na temperature and Doppler wind observations 
of the upper atmosphere, Opt. Eng., 30, 13-21, 1991. 
Clemesha, B.R., D.M. Simonich, H. Takahashi, S.M.L. Melo, and 
J.M.C. Plane, Experimental evidence for photochemical 
control of the atmospheric sodium layer, J. Geophys. Res., 
100, 18909 - 18916, 1995. 
superadiabatic, leading to thermal instabilities and over- Cox, R.M., and J.M.C. Plane, An ion-molecule mechanism for the 
turning. Indeed, when a 10% AGW was applied to the formation f neutral sporadic Nalayers, J.Geophys. Res., this issue. 
mean temperature profile measured at Haleakala, this not Cox, R.M., J.M.C. Plane, and J.S.A. Green, A modeling investi- 
only caused a large downward movement of atmosphere in gation of sudden sodium layers, Geophys. Res. Lett., 20, 
the entire region for half of the wave period, but also caused 2841-2844, 1993. 
6380 SWENSON ET AL.: MESOSPHERIC "WALL" EVENT 
Garcia, R. R., and S. Solomon, The effect of breaking waves on Roble, R. G., and G. G. Shepherd, An analysis of wind imaging 
the dynamics and chemical composition of the mesosphere 
and lower thermosphere, J. Geophys. Res., 90, 3850-3868, 
1985. 
Garcia, R. R., and S. Solomon, A new numerical-model of the 
middle atmosphere, 2, Ozone and related species, J. Geophys. 
Res., 99, 12,937-12,951, 1994. 
Gardner, C. S., and J. D. Shelton, Density response of neutral 
atmospheric layers to gravity wave perturbations, J. Geophys. 
Res., 90, 1745-1754, 1985. 
Gu, Y. Y., J. Qian, G. C. Papen, G. R. Swenson, and P. J. Espy, 
Concurrent observations of auroral activity and a large 
sporadic sodium layer event during ANLC-93, Geophys. Res. 
Lett., 22, 2805-2808, 1995. 
Hecht, J. H., T. J. Kane, R. L. Walterscheid, C. S. Gardner, and C. 
A. Tepley, Simultaneous nightglow and Na lidar observations 
at Arecibo during the AIDA-89 campaign, J. Atmos. Terr. 
Phys., 55, 409-423, 1993. 
Hecht, J. H., R. L. Walterscheid, D.C. Fritts, J. R. Isler, D.C. 
Senft, C. S. Gardner, and S. J. Franke, Wave breaking 
signatures in OH airglow and sodium densities and temper- 
atures, 1, Airglow imaging, Na lidar, and MF radar obser- 
vations, J. Geophys. Res., 102, 6655-6668, 1997. 
Hedin, A. E., Extension of the MSIS thermospheric model into the 
middle and lower atmosphere, J. Geophys. Res., 96, 1159- 
1172, 1991. 
Hickey, M.P., and J. M. C. Plane, A chemical-dynamical model 
of wave-driven sodium fluctuations, Geophys. Res. Lett., 22, 
2861-2864, 1995. 
Hines, C. O., Internal atmospheric gravity waves at ionospheric 
heights, Can. J. Phys., 38, 1441-1481, 1960. 
Isler, J. R., and D.C. Fritts, Mean winds and tidal and planetary 
wave motions over Hawaii during airborne lidar and 
observations of Hawaiian airglow ALOHA-93, Geophys. 
Res. Lett., 22, 2821-2824, 1995. 
Kane, T.J., C.A. Hostetler, and C.S. Gardner, Horizontal and 
vertical structure of the major sporadic sodium layer events 
observed during ALOHA-90, Geophys. Res. Lett., 18, 1365- 
1368, 1991. 
Kane, T. J., C. S. Gardner, Q. Zhou, J. D. Mathews, and C. A. 
Tepley, Lidar, radar, and airglow observations of a prominent 
sporadic Na/sporadic E layer event at Arecibo during AIDA- 
89, J. Atmos. Terr. Phys., 55, 499-511, 1993. 
Kopp, E., On the abundance of metal ions in the lower ionosphere, 
J. Geophys. Res., 102, 9667-9674, 1997. 
Plane, J. M. C., The chemistry of meteoric metals in the Earth's 
upper atmosphere, Int. Rev. Phys. Chem., 10, 55-106, 1991. 
interferometer observations of O( • S) equatorial emission rates 
using the thermosphere-ionosphere-mesosphere-electrody- 
namics general circulation model, J. Geophys. Res., 102, 
2467-2474, 1997. 
Rowe, B.R., D.W. Fahey, E.E. Ferguson, and F.C. Fehsenfeld, 
Flowing afterglow studies of gas phase magnesium ion 
chemistry, J. Chem. Phys., 75, 3325-3328, 1981. 
Senft, D.C., G. C. Papen, C. S. Gardner, J. R. Yu, D. A. Krueger, 
and C. Y. She, Seasonal variations of the thermal structure of 
the mesopause region at Urbana, Illinois (40øN, 88øW) and 
Fort Collins, Colorado (41øN, 105øW), Geophys. Res. Lett., 
21,821-824, 1994. 
Swenson, G. R., and P. J. Espy, Observations of two-dimensional 
airglow structure and Na density from the ALOHA, October 
9, 1993 "Storm Flight," Geophys. Res. Lett., 22, 2845-2848, 
1995. 
Swenson, G. R., and C. S. Gardner, Analytical models for the 
responses of the mesospheric Na and OH* layers to atmo- 
spheric gravity waves, J. Geophys. Res., this issue. 
Swenson, G. R., and S. B. Mende, OH emission and gravity waves 
(including a breaking wave) in all-sky imagery from Bear 
Lake, Utah, Geophys. Res. Lett., 21, 2239-2242, 1994. 
Tao, X., and C. S. Gardner, Heat flux observations in the meso- 
pause region from Haleakala, Geophys. Res. Lett., 22, 2829- 
2832, 1995. 
Taylor, M. J., and M. A. Hapgood, Identification of a thunder- 
storm as a source of short period gravity waves in the upper 
atmospheric nightglow emission, Planet. Space Sci., 36, 975- 
985, 1988. 
Taylor, M. J., M. B. Bishop, and V. Taylor, All-sky measurements 
of short period waves imaged in the OI (557.7 nm), Na 
(589.2 nm), and near-infrared OH and 02 (0,1) nightglow 
emissions during the ALOHA-93 campaign, Geophys. Res. 
Lett., 22, 2833-2836, 1995a. 
Taylor, M. J., D. N. Turnbull, and R. P. Lowe, Spectrometric and 
imaging measurements of a spectacular gravity wave event 
observed during ALOHA-93 campaign, Geophys. Res. Lett., 
22, 2849-2852, 1995b. 
Thomas, R.M., P.S. Witham, and W.G. Elford, Response of high- 
frequency rfidar to meteor backscatter, J. Atmos. Terr. Phys., 
50, 703-724, 1988. 
P. Espy and M. J. Taylor, Space Dynamics Laboratory, Utah 
State University, Logan, UT 84322-4140. 
R. Lowe and D. Turnbull, University of Western Ontario, 
Plane, J. M. C., and M. Helmer, Laboratory studies of the Department of Physics, London, Ontario, N6A 3K7 Canada. 
chemistry of meteoric metals, in Research in Chemical (e-mail: 1øwe@danløn'physics'uwø'ca; 
Kinetics, vol. 2, edited by R. G. Compton and G. Hancock, turnbull@danløn'physics'uwø'ca) 
pp. 313-367, Elsevier, New York, 1994. J.M.C. Plane, University of East Anglia, School of 
Plane, J.M.C., and M. Helmer, Laboratory study of the reactions Environmental Science, Norwich, NR4 7TJ, England. (e-mail: 
Mg + O• and MgO + O•: Implications for the chemistry of j.plane@uea. c.uk) 
magnesium in the upper atmosphere, Faraday Discuss., 100, 
411-430, 1995. 
Plane, J.M.C., R.M. Cox, J. Qian, M Pfenninger, G.C. Papen, 
C.S. Gardner, and P. Espy, The mesospheric Na layer at 
extreme high latitudes in summer, J. Geophys. Res., this 
issue. 
Qian, J., Y. Gu, and C.S. Gardner, Characteristics of the sporadic 
Na layers observed during the ALOHA/ANLC-93 
campaigns, J. Geophys. Res., this issue. 
J. Qian and G. R. Swenson, Electrical and Computer 
Engineering Department, University of Illinois, 313 CSRL, 1308 
W. Main Street, Urbana, IL 61801. (e-mail: swensonl @uiuc.edu) 
(Received March 5, 1997; revised April 16, 1997; 
accepted November 19, 1997.) 
